During the last 50 years, a large amount of information on radionuclide accumulators or "sentinel-type" organisms in the environment has been published. Much of this work focused on the risks of food-chain transfer of radionuclides to higher organisms such as reindeer and man. However, until the 1980's and 1990's, there has been little published data on the radiocesium (   134   Cs and   137 Cs) accumulation by mushrooms. This presentation will consist of a review of the published data for 134,137 Cs accumulation by mushrooms in nature. This review will discuss the aspects that promote 134,137 Cs uptake by mushrooms and focus on mushrooms that demonstrate a large propensity for use in the environmental biomonitoring of radiocesium contamination. It will also provide descriptions of habitats for many of these mushrooms and discuss on how growth media and other conditions relate to Cs accumulation.
Introduction
Radiocesium (primarily 137 Cs and 134 Cs isotopes) is produced mainly by the fission of nuclear fuel. Releases of 134, 137 Cs into the environment have occurred primarily from nuclear weapons testing, nuclear fuel reprocessing and nuclear reactor accidents like that of Chernobyl in 1986. Because these processes release 134, 137 Cs as well as other radionuclides into the environment, there has been considerable concern about the transfer of radionuclides to higher organisms in the food chain.
One of the common approaches to assess the food chain transfer of radionuclides is the radiometric measurement of radionuclides that are accumulated by organisms that comprise the lower portion of the food chain. In some cases, when these lower organisms (such as wild mushrooms) have a large affinity for radionuclides, the consumption of these organisms by humans can pose a considerable health concern from a radiological dose perspective (Grueter, 1964) . Despite this realization, there is fairly limited biomonitoring data on radionuclide levels in mushrooms today. Baeza and co-workers (2004) and many other researchers that are cited in this review concur with this observation but they note that considerably more data are available for 137 Cs than for other 134 Cs, alpha-and betaemitting radionuclides.
Background on Mushrooms and Conditions that Influence Radiocesium Accumulation
There are ~13,500 species of mushrooms and generally, three main groups of mushrooms: gilled, non-gilled, and puffballs and their relatives. Those mushrooms of interest as radiocesium accumulators are typically gilled or have pores or spines under their caps and they have stalks. Typical names for these mushrooms have the following words in them: roof, sheath, and common meadow (mushrooms); milk, crumble, death, waxy, web, and inky caps; tricholomas; ringstalks; mottle, pink, and brittle gills; and various "tooths". The common names for Cs-accumulating mushrooms are listed next to their Latin names as listed in Table 1 .
Mushrooms typically prefer forests and grasslands. However, almost any ecosystem (including deserts and tundra) with the right substrates will support their growth. Mushrooms often require a particular growth medium to live in. The media may consist of a decaying portion of a tree, open grasslands, animal manure or areas directly under a tree in leaf or needle litter. Growth media for mushrooms has been defined using the following variables: wood, litter layer, 0-5 cm soil profile and >5 cm soil profile by Yoshida and researchers (1994) . Kammerer et al. (1994) divided mushrooms according to their living habitats. The first group was the saprophytes, which live on and metabolically consume organic matter. The second group was the parasitic mushrooms, which live on other species in a non-symbiotic relationship. The third group was the symbiotic species, which through the use of underground mycorrihiza, form a close relationship with their host plant.
In nature mushrooms can be confused with manure, seed pods, bone, lichens, some flowering plants that are not green in color, insect sacs or galls, and rotten wood. When removed from their growth medium, mushrooms can break under their own weight. Due to their fragile structure and high water content, even gentle handling is likely to make the recognition by species difficult after collection. Photography of the mushroom prior to removal from its growth habit is highly recommended in these cases. Their above ground portions or fruiting bodies (which are used for reproduction through spore release) usually appear between spring and early winter and their emergence is typically correlated with recent rainfall.
There are several field guides, which we used to obtain general information about mushrooms as mentioned above such as Laessøe (2002) , McKnight and McKnight (1987), and Roody (2003) . These guides have detailed descriptions about the identification of specific species of mushrooms and the locations that they can be found in. A species identification of mushrooms can be very difficult due to similarities between various types of species. Many mushrooms are poisonous. Consumption of mushrooms is not recommended if one lacks the expertise to distinguish the poisonous ones from those that are not.
Uptake of radiocesium by basidiomycete mushrooms was observed as early as the 1960s by H. Grueter (1964; 1971) . In these studies, mushrooms from sandy pine needlecovered soils had higher 137 Cs levels than those from soils in deciduous woods and meadows. The relatively high degree of Cs uptake was attributed to the sandy soil having a lower competition for 137 Cs (through sorption) than that of the soils in meadows and deciduous forests, which have a mineral composition that absorbs Cs more strongly. Additionally, organic material in soil O-horizons has a lower affinity for Cs than mineral soils and therefore, mushrooms that grow in organic soils are likely to have higher levels of Cs than those that grow in mineral soils (Kammerer et al., 1994) . Kammerer and researchers (1994) also observed a higher average 137 Cs concentration in mushrooms that are symbiotic than those that are saprophytic and parasitic. However, the range in values for 137 Cs in these groups was the largest for the saprophytic species.
The depth at which underground portions of the mushrooms inhabit in the soil is also an important factor. Yoshida and researchers (1994) concluded that highest average concentration of 137 Cs was for those mushrooms that inhabited the surface soil (0 to 5 cm) layer (with mycelia being noticeably present at that depth). They and Kammerer et al. (1994) attribute Cs uptake to be related to individual species or groups thereof-with saprophytes having less accumulation than those mushrooms living on the uppermost portion of the soil. Additionally, the ratios of 137 Cs for above and below ground portions of mushrooms from conifer forests typically exceed those ratios for mushrooms in deciduous forests (Vinichuk and Johanson, 2003 and references therein).
Mushrooms from higher altitudes can have higher radiocesium levels than those at lower altitudes (Heinrich, 1993) . However, the soil properties of the soils in these studies may have a greater influence on radiocesium uptake than altitude as discussed by Heinrich. This was because the soil at the higher altitude was high in humus and more acidic. Such conditions favor a greater amount of plant-available Cs percentage than that of the other soils at lower elevations.
Depth and soil horizon can also have an influence on the ratio of 134 Cs to 137 Cs in mushrooms (Yoshida et al., 1994; Kammerer et al., 1994 Cs by some fungal species (Guillitte et al. 1987 ).
Other factors in addition to growth medium characteristics such as rainfall, soil (stable) Cs and K concentrations, climate, soil pH, time of sampling, Cs source term, and growth substrate (such as rotting wood) may influence Cs uptake (as previously discussed; Oolbekkink and Kuyper, 1989 and references therein; Heinrich 1993) , but most report that soil factors or conditions, such as pH and organic matter content and preferred growth medium probably have a great affect on the accumulation of Cs as well as other radionuclides by mushrooms (Battison et al., 1989) . Finally, there are clearly several species of fungi that have a unique ability to accumulate Cs under a variety of conditions as will be discussed in this presentation.
Approaches to Comparing Accumulation Values
There are several approaches used to evaluate and compare the relative affinity that mushrooms have for radiocesium. We will discuss the assumptions that were made with these methods and the impact of making these assumptions.
The ratio of the Cs concentration in the mushroom (or fruiting body in Bq Cs/kg dw) relative to that of its growth medium (i.e., soil or rotting wood, etc. in Bq Cs/kg dw) is called a transfer factor (TF) or concentration ratio (CR). The TF is a metric that is used to evaluate the relative accumulation of Cs for various mushroom species. Toal et al. (2002) Cs is in the upper 20 cm of the soil profile.
Oolbekkink and Kuyper (1989) discuss their preference for using TF values that are based on soil radiocesium levels as opposed to (T ag ) values that are based on aerial deposition because the uptake of radiocesium by mushrooms occurs through their growth medium and not directly from the air. The use of T ag values (as used in the later work by Toal et al., 2002) may be more applicable for the study of Cs uptake by lichens and mosses, which remove Cs directly from aerial fallout and do not have roots to remove soil Cs. However, the use of TF values requires one to assume choose a soil depth (for radiocesium activity concentration determination) at which the mushroom resides for radiocesium analysis. Toal and researchers recognize that comparisons based on 137 Cs inventory may not be practical and that knowing the inventory within regions of the profile that pertain to where the mushrooms reside may give a better approach for comparison.
Work by Vinichuk and Johanson (2003) shows that the total 137 Cs activity concentration in the soil and the fungal mycelium concentration can vary with depth, fungal type, and also with the selected increments of sampled depth (e.g., 1 or 2 cm intervals). This observation used TF values that were based on soil activity concentration (at 1 and 2 cm intervals) within this particular study. If we were to consider the impact of these observations, we find it somewhat difficult to compare the TF values obtained from one study with that of another. This is because the uptake of Cs could vary with depth because of differences in soil properties also vary with depth (such as soil organic matter content) as discussed by Kammerer et al. (1994) , the density of fungal mycelium, and competition from other living species. Most all of the references that we reviewed noted the problems with estimating fungal mycelium as well as the process of generalizing Cs accumulation.
Other researchers have ratioed the radiocesium activity concentrations of the mushrooms that they analyzed to that of one species (Xerocomus badius also known as Boletus badius) which was common to most all of their sampling areas (as in Kammerer et al., 1994) . This allowed these researchers to normalize their data to the radiocesium of one species. These researchers utilized TF values (based on Bq/kg fw to Bq/kg dw in the organic or O-horizon) as well.
A compilation of data on the accumulation of Cs by mushrooms will be presented in this review. We will also present published data on approaches for comparing radiocesium uptake amongst mushroom types and sampled regions as well as discuss the importance of growth media characteristics on radiocesium accumulation.
Mushrooms with a Moderate to High Affinity for Radiocesium
Data for the mushrooms that have been observed to accumulate high levels of Cs are listed in Table 1 . The mushroom species represented here were collected in Europe, Japan and North America. Most all of the data in this table represents the above ground portions of the fungi unless otherwise noted.
Studies have also observed radiocesium in the below ground portions of fungi (Vinichuk and Johanson, 2003) and the 137 Cs levels tend to be lower in the buried fungal mycelium than in the above ground fruiting bodies. Haselwandter (1978) , Heinrich (1993) noted that portions of the caps or fruiting bodies (stems plus caps) tend to be rich in 137 Cs relative to their underground fungal masses. Vinichuk and Johanson (2003) noted that symbiotic fungi have high metabolic rates. As noted by Haselwandter and Berreck (1994) , a study by Clint et al. (1991) observed that Cs is complexed by cap pigments in some boletes. This might explain why high uptake of Cs in the fruiting body, which includes the cap is observed. Heinrich (1993) determined the levels of 137 C in the lamella (gills), cap and stalk of Boletus edulis and observed that the gills had 2.5 times the levels of 137 Cs as the cap and the stalk. Radiography studies with Rozites caperata also showed higher levels of 137 Cs in the gills relative to the cap.
Amanitas
Most Amanita sp. mushrooms are poisonous so they are not likely to be a concern with regard to human consumption, which is a driver for most studies on radionuclide accumulation by edible foods. Amanitas are mostly symbiotic and are typically found in deciduous and conifer forests. These gilled fungi have a moderate affinity for Cs as has been observed in several studies (Table 1) . However, high uptake 137 Cs has been observed for Amanita rubescens which was growing in a spruce and fir forest that had a low cation exchange capacity, low pH and high humus content ( Table 1 ; Heinrich, 1993) . When cooked, Amanita rubescens is edible so there is some concern to man with regard to radiocesium uptake. Similar observations were made by Vinichuk and Johanson (2003) for Amanita muscaria ( Table 1) . In general, the reported TF values for the Amanitas in Table 1 are less or equal to 1.0 and the T ag value for Amanita rubescens is low relative to the other species in this table.
Boletus
Boletes or Boletus mushrooms have a high affinity for Cs (Byrne, 1989; Heinrich, 1993; Kammerer et al., 1994; Toal et al., 2002; Vinichuk and Johanson, 2003; Řanda and Kučera, 2004 )-see Table 1 . Boletus and Suillus are two of the primary genuses that make up the family of Boletaceae. These two types of mushrooms as well as those of the genus Xerocomus often have common names that have "bolete" in them.
Boletus (or Suillus) variegatus prefer growing in sandy, acidic soils whereas Boletus edulis or porcini mushrooms prefer growth in mossy woodlands. Although some boletes are inedible or poisonous, many boletes are prized for their culinary value. Due to their marked ability to accumulate radiocesium, they pose some concern with regard to human consumption. Boletes are typically found in deciduous and conifer forests. Cs uptake were also observed prior to the Chernobyl release in spring of 1986 (Byrne, 1988) .
In contrast to the Amanitas, the reported TF values for the Boletes ( 
Cantharellus, Cortinarius and Clitocybe
Like the boletes, many chanterelle or Cantharellus mushrooms are prized for their culinary value. These fungi, which grow on living or rotten wood have been observed to accumulate several tens of thousands Bq/kg of 137 Cs-making their direct consumption by man a potential risk. Cantharellus cibarius and C. tubaeformis grow in groups in old spruce and pine forests. Cantharellus tubaeformis is also found in deciduous forests.
Cortinarius mushrooms such as Cortinarius (or Rozites) caperatus (as listed in Table 1 ) also have high affinities for Cs as noted by Byrne (1988) , Kammerer et al. (1994) and others as noted in Table 1 . Cortinarius mushrooms are gilled and saprotrophic species. Cortinarius armillatus are typically found in small groups in damp, organic-rich boggy woodlands whereas C. caperatus are found in small groups under conifers and deciduous trees like beech. Cortinarius caperatus have wrinkled or furrowed caps and they prefer acidic soils, which are likely to support Cs uptake as previously discussed. Most Hebeloma sp. and Hypholoma fasciculare are poisonous (or inedible) mushrooms that are gilled. Depending on species, Hebeloma fungi have a variety of growth habits but they typically inhabit organic-rich material at the soil surface (Yoshida et al., 1994) . This preference for organic growth media has been attributed to high Cs accumulation as previously discussed. Hypholoma fasciculare prefer growth on rotten deciduous tree stumps and roots.
Hygrophorus russula mushrooms grows in fairy ring formations, in groups or as scattered single mushrooms in oak forests. Hydnum repandum grows in groups or small clusters in conifer and deciduous woods. Unlike most Hebeloma sp. and Hypholoma fasciculare, the Hygrophorus russula and Hydnum repandum mushrooms are edible. These mushroom species have been observed to accumulate up to several thousand Bq/kg of 137 Cs (see Table 1 ). The TF values for Hydnum repandum are high (typically 1 to >4.0) and they compare well with the 137 Cs activity levels for these mushrooms.
For Hypholoma fasciculare, the T ag values were that were reported in Table 1 were close to that of the highest reported within the table (T ag values of 0.09 to 0.1). No T ag values were reported for Hebeloma sp., Hydnum repandum and Hygrophorus russula as noted in Table 1 .
Inocybes
Most Inocybes are poisonous. They tend to have similar characteristics such as fibrous caps, gills and dark spore prints (spore prints of mushroom caps are often used for mushroom identification as noted in Laessøe (2002) , McKnight and McKnight (1987) and Roody (2003) . Depending on the species, they can be found in a variety of habitats and many will grow in bare soil, in the absence of decaying wood. Cs were ratioed to Boletus badius, in the study by Kammerer et al. (1994) , the ratio was slightly lower than higherst value for Russula olchroleuca mushrooms, which had lower reported TF and T ag values than that of Paxillus involutus. These findings indicate some likely inconsistencies in the methods (TF, ratio values etc…) used to report these data from study to study. Cs concentrations (in Table 1 ), is somewhat to be expected.
Mushrooms with a Low Affinity for Cs Accumulation
Although not the focus of this review, several types of mushrooms often exhibit a low affinity for radiocesium. These observations are fairly independent of whether the mushrooms were sampled before or after the Chernobyl accident. Some Agaricus mushrooms, which are found in fields that contain livestock and in forests in addition to Coriolus hirstus and Pycnoporus coccineus do not exhibit a great propensity for Cs uptake (Byrne, 1988; Yoshida et al., 1994) . Parasitic fungi such as the Armillaria mellea and Pholiota aegerita also exhibit low-to moderate uptake of radiocesium (less than a thousand Bq/kg 137 Cs) relative to some of the fungi that were discussed previously (Battison et al., 1989; Yoshida et al., 1994; Toal et al., 2002) . Studies with collections of Bulgaria inquinans, Calvatia excipuliformis, Lyophyllum sp., Lycoperdon perlatum, Asterophora lycoperdoides, Bulgaria inquinans and Calvatia excipuliformi have found that that these species typically do not have a large activity level of radiocesium relative to that of most of the species that are listed in Table 1 (Watling et al., 1993; Byrne, 1988; Battison et al., 1989; Yoshida et al., 1994 (Byrne, 1988 
Conclusions
As previously discussed, some of the primary influences on 134, 137 Cs uptake by mushrooms are growth media, the amount of deposition upon release, soil or growth media characteristics, growth habitat (saprophytic, parasitic or symbiotic), the species of mushroom (somewhat related to the habitat choice) and other yet to be discovered factors. The source term (such as whether the radiocesium is from Chernobyl or fallout from nuclear weapons testing) and other factors as mentioned have less affect on Cs accumulation. From these studies, it is clear that several mushrooms that demonstrate a high affinity for 134, 137 Cs uptake are edible and are fairly common. Mushrooms are also eaten by some animals such as deer, which may be consumed by man. Regular consumption of these types of species or animals that eat these mushroom species may pose a human health concern. 
